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ABSTRACT 

Most  mechanical  machines  contain  rotating  parts  and  it  is  likely  that  the  nanomachines  of  the  future  will  be  no  exception.  We 
proposed  to  find  out  how  rotors  1-2  nm  in  size  can  be  synthesized  and  attached  to  surfaces,  and  what  their  fundamental  properties  are.  We 
studied  their  equilibrium  behavior  and  driven  response,  the  effects  of  rotational  barriers  and  friction,  and  mutual  and  environmental 
interactions  with  potential  future  applications  in  mind  in  areas  as  diverse  as  molecular  transistors,  extremely  compact  microwave  signal 
processing  components,  and  micro-fluidic  devices. 

The  projected  involved  the  preparation,  surface  mounting,  and  characterization  of  single  molecular  rotors  with  both  vertical  and 
horizontal  shafts,  and  both  with  and  without  large  dipole  moments.  Our  basic  device  is  a  surface  mounted  molecular  dipolar  rotor  that  has  a 
base  or  bases  that  attach  covalently  to  a  flat  insulating  surface  and  support  an  axle  oriented  either  perpendicularly  to  the  surface  by  a  single 
base,  which  in  turn  support  a  balanced  1-2  nm  diameter  rotor  portion  with  a  large  in-plane  electric  dipole  moment  or  support  an  axle 
oriented  parallel  to  the  surface  by  two  bases  and  a  similar  rotor.  The  bearing  consists  of  a  single  covalent  bond,  a  fundamental  element  of 
molecular-scale  mechanics. 
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Project  Objective 


Most  mechanical  machines  contain  rotating  parts  and  it  is  likely  that  the  nanomachines  of 
the  future  will  be  no  exception.  We  proposed  to  find  out  how  rotors  1-2  nm  in  size  can  be 
synthesized  and  attached  to  surfaces,  and  what  their  fundamental  properties  are.  We  studied 
their  equilibrium  behavior  and  driven  response,  the  effects  of  rotational  barriers  and  friction,  and 
mutual  and  environmental  interactions  with  potential  future  applications  in  mind  in  areas  as 
diverse  as  molecular  transistors,  extremely  compact  microwave  signal  processing  components, 
and  micro-fluidic  devices. 

The  projected  involved  the  preparation,  surface  mounting,  and  characterization  of  single 
molecular  rotors  with  both  vertical  and  horizontal  shafts,  and  both  with  and  without  large  dipole 
moments.  Our  basic  device  is  a  surface  mounted  molecular  dipolar  rotor  that  has  a  base  or  bases 
that  attach  covalently  to  a  flat  insulating  surface  and  support  an  axle  oriented  either 
perpendicularly  to  the  surface  by  a  single  base,  which  in  turn  support  a  balanced  1-2  nm 
diameter  rotor  portion  with  a  large  in-plane  electric  dipole  moment  or  support  an  axle  oriented 
parallel  to  the  surface  by  two  bases  and  a  similar  rotor.  The  bearing  consists  of  a  single  covalent 
bond,  a  fundamental  element  of  molecular-scale  mechanics. 

Summary  of  Results 


Hersam  Contribution 

Within  the  Molecular  Rotors  DURINT,  the  Hersam  Research  Group  has  focused  on 
developing  ultra-high  vacuum  (UHV)  scanning  tunneling  microscopy  (STM)  techniques  for 
characterizing  and  fabricating  molecular  rotor  arrays  on  silicon  surfaces.  Included  here  is  a 
summary  of  the  major  accomplishments  over  the  five  year  duration  of  the  DURINT: 

(1)  A  variable  temperature  ultra-high  vacuum  (UHV)  scanning  tunneling  microscope 
(STM)  optimized  for  probing  and  manipulating  individnal  molecules  on  silicon  surfaces 
has  been  constructed  and  tested. 

Figure  MHl(a)  contains  a  photograph  of  the  variable  temperature  STM  in  a  UHV 
chamber  that  achieves  a  base  pressure  of  10  *  *  Torr.  The  microscope  is  suspended  on  a  spring 
suspension  stage  with  magnetic  eddy  current  damping  for  vibration  isolation.  The  entire 
vibration  isolation  stage  and  microscope  are  contained  within  two  gold  plated  copper  thermal 
shields.  The  inner  shield  is  in  direct  contact  with  the  liquid  helium  cryostat  and  the  outer  shield 
is  in  direct  contact  with  the  boil  off  from  the  liquid  helium.  In  addition,  internal  heaters  are 
mounted  on  the  roof  plate  of  the  thermal  shrouds  to  enable  variable  temperature  operation 
between  the  liquid  helium  base  temperature  and  room  temperature.  Figure  MHl(b)  shows  a 
representative  image  taken  with  the  variable  temperature  UHV  STM.  Clear  atomic  resolution  is 
observed  on  the  Si(100)-2xl:H  surface.  In  addition,  the  microscope  is  capable  of  atomic 
resolution  feedback  controlled  lithography  (FCL).  The  image  in  Figure  1(b)  shows  a  3  by  3 
array  of  individual  dangling  bonds  patterned  with  FCL.  The  design  of  this  instrument  has  been 
documented  in  a  Review  of  Scientific  Instruments  article  (E.  T.  Foley,  N.  L.  Yoder,  N.  P. 
Guisinger,  and  M.  C.  Hersam,  “Cryogenic  variable  temperature  ultra-high  vacuum  scanning 
tunneling  microscope  for  single  molecule  studies  on  silicon  surfaces,”  Rev.  Sci.  Instrum.,  75, 
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5280  (2004))  and  a  U.S.  Patent  application  (“Cryogenic  variable  temperature  scanning  tunneling 
microscope,”  E.  T.  Foley  and  M.  C.  Hersam,  U.S.  Patent  application  fded  1 1/30/05). 


Figure  MHl.  (a)  Photograph  of  the  completed  variable  temperature  STM  as  viewed  through  the  UHV  chamber 
view  port,  (h)  An  array  of  individual  dangling  bonds  on  the  Si(100)-2xl:H  surface  following  nanopatteming  with 
feedback  controlled  lithography.  This  image  demonstrates  the  atomic  resolution  imaging  and  patterning  capability 
of  the  variable  temperature  UHV  STM. 

(2)  Aza-norbornadiene  rotors  have  been  synthesized,  mounted  on  silicon  surfaces,  and 
characterized  with  UHV  STM. 

Aza-norbomadiene  analogs  were  studied  as  molecular  rotors  that  can  be  mounted  on 
Si(lOO)  surfaces.  In  particular,  n-trimethylsilyl-7-azanorbomadiene  (TMSAN)  was  synthesized 
by  the  Michl  Research  Group  at  the  University  of  Colorado  and  shipped  to  Northwestern 
University  for  UHV  STM  analysis.  Figure  MH2  shows  a  UHV  STM  image  of  a  clean  Si(lOO)- 
2x1  surface  following  exposure  to  a  submonolayer  coverage  of  TMSAN.  The  insets  to  Figure  2 
illustrate  that  two  distinct  features  were  observed  in  the  UHV  STM  images.  One  class  of 
features  appears  confined  to  a  single  dimer  row  and  has  been  identified  as  intra-row  binding. 
The  other  class  of  features  bridges  two  dimer  rows  and  has  been  identified  as  inter-row  binding. 
Figures  MH3(a,b)  schematically  show  the  possible  binding  orientations  of  TMSAN  on  the 
Si(100)-2xl  surface.  Since  multiple  binding  orientations  are  possible  for  TMSAN,  the 
orientation  of  the  top  rotating  ligand  could  impact  the  construction  of  rotor  arrays. 
Consequently,  VASP  calculations  were  performed  in  collaboration  with  Dr.  Jeffrey  Reimers  of 
the  University  of  Sydney  to  determine  the  orientation  of  the  top  ligand  on  the  TMSAN  molecule. 
These  calculations  showed  that  the  axis  of  the  rotating  ligand  was  perpendicular  to  the  surface  as 
schematically  shown  in  Figure  3(c).  The  cylindrical  symmetry  of  this  azimuthal  rotor  geometry 
minimizes  the  effect  of  multiple  binding  orientations  and  suggests  that  TMSAN  or  similar 
molecules  are  suitable  for  the  construction  of  rotor  arrays  on  silicon.  Furthermore,  due  to 
cooperative  motion  of  the  methyl  groups,  the  rotation  barrier  was  calculated  to  be  ~0.3  kcal/mol, 
which  implies  that  the  top  ligand  is  in  a  free  rotational  state  at  room  temperature.  This  relatively 
low  rotational  barrier  suggests  that  multiple  regimes  of  rotor  behavior  can  be  accessed  via 
cryogenic  variable  temperature  measurements. 
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Figure  MH2.  UHV  STM  image  of  a  submonolayer  coverage  of  n-trimethylsilyl-7-azanorbomadiene  on 
Si(100)-2x  1 .  Two  distinct  binding  conformations  are  observed  as  shown  in  the  insets. 

These  experiments  suggested  that  aza-norbomadiene  analogs  are  suitable  for  dipolar  rotor 
array  studies.  Consequently,  it  was  critical  to  show  that  aza-norbomadiene  analogs  are 
compatible  with  UHV  STM  based  nanofabrication  techniques.  Figure  MH4  illustrates  the 
general  patterning  strategy  that  was  demonstrated  for  TMSAN.  In  particular,  the  chemically 
inert  hydrogen  passivated  Si(lOO)  surface  was  used  as  a  starting  substrate.  By  locally  increasing 
the  tip-sample  bias,  kinetically  energetic  electrons  can  stimulate  desorption  of  hydrogen  from  the 
surface  with  atomic  resolution.  When  the  lithographically  defined  surface  is  exposed  to 
molecules  (e.g.,  TMSAN)  in  the  gas  phase,  they  react  preferentially  with  the  silicon  dangling 
bonds.  Following  patterning,  the  properties  of  the  molecules  were  then  studied  as  a  function  of 
intermolecular  spacing  using  STM  topographic  and  spectroscopic  imaging  modes.  These  results 
were  documented  in  a  Nanotechnology  paper  that  was  co-authored  by  the  Hersam,  Michl,  and 
Reimers  Research  Groups  (B.  Wang,  X.  Zheng,  J.  Michl,  E.  T.  Foley,  M.  C.  Hersam,  A.  Bilic,  M. 
J.  Crossley,  J.  R.  Reimers,  and  N.  S.  Hush,  “An  azanorbornadiene  anchor  for  molecular-level 
consfruction  on  silicon(lOO),”  Aauotec/mo/ogy,  15,  324  (2004)). 


3 


Figure  MH3.  Possible  (a)  intra-row  and  (b)  inter-row  binding  conformations  for  aza-norbomadiene  analogs,  (c) 
Calculations  indicate  that  n-trimethylsilyl-7-azanorbomadiene  adopts  an  azimuthal  rotor  conformation. 


Figure  MH4.  (a)  Hydrogen  passivated  Si(lOO)  surface,  (b)  The  same  area  following  electron  stimulated  desorption 
of  hydrogen  from  a  10  nm  box.  (c)  n-trimethylsilyl-7-azanorbomadiene  selectively  reacts  with  the  patterned  square. 

(3)  Nitroxyl  free  radical  chemistry  has  been  used  for  patterning  one-dimensional  and  two- 
dimensional  molecular  arrays  on  silicon  with  FCL. 

In  order  for  FCL  to  be  effectively  used  for  patterning  arrays  of  surface-mounted 
molecular  rotors,  a  molecular  attachment  chemistry  needed  to  be  developed  that  would  react  with 
individual  silicon  dangling  bonds.  Following  a  suggestion  by  Josef  Michl,  2,2,6,6-tetramethyl-l- 
piperidinyloxy  (TEMPO)  was  identified  as  a  candidate  molecule  that  would  react  with  a  single 
dangling  bond  to  from  a  stable  silicon-oxygen  covalent  bond.  Figures  MH5(a)  and  MH5(b) 
illustrate  individual  dangling  bonds  patterned  with  FCL  on  the  Si(100)-2xl;H  surface  before  and 
after  gas  phase  TEMPO  deposition  in  UHV.  These  images  show  that  individual  TEMPO 
molecules  react  with  the  patterned  dangling  bonds  without  damage  to  the  surrounding  hydrogen 
passivated  surface.  Figure  MH5(c)  further  shows  two  one-dimensional  arrays  of  TEMPO 
molecules  patterned  with  FCL.  These  results  illustrate  that  nitroxyl  free  radical  binding 
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chemistry  coupled  with  FCL  is  suitable  for  the  formation  of  atomically  precise  one-dimensional 
and  two-dimensional  molecular  rotor  arrays  on  silicon.  This  work  was  documented  in  Surface 
Science  (M.  E.  Greene,  N.  P.  Guisinger,  R.  Basu,  A.  S.  Baluch,  and  M.  C.  Hersam,  “Nitroxyl 
free  radical  binding  to  Si(lOO):  A  combined  STM  and  computational  modeling  study,”  Surfaee 
Science,  559,  16  (2004)).  In  addition,  the  TEMPO  chemistry  was  utilized  in  a  series  of  silicon- 
based  molecular  electronics  papers  from  the  Hersam  Research  Group,  thus  demonstrating  the 
flexibility  and  impact  of  this  novel  surface  chemistry:  [1]  R.  Basu,  N.  P.  Guisinger,  M.  E. 
Greene,  and  M.  C.  Hersam,  Appl.  Phys.  Lett.,  85,  2619  (2004);  [2]  A.  S.  Baluch,  N.  P.  Guisinger, 
and  M.  C.  Hersam,  IMS  Lett.,  1,  125  (2004);  [3]  M.  C.  Hersam  and  R.  G.  Reifenberger,  MRS 
Bull,  29,  385  (2004);  [4]  N.  P.  Guisinger,  R.  Basu,  M.  E.  Greene,  A.  S.  Baluch,  and  M.  C. 
Hersam,  Nanotechnology,  15,  S452  (2004);  [5]  N.  P.  Guisinger,  M.  E.  Greene,  R.  Basu,  A.  S. 
Baluch,  and  M.  C.  Hersam,  Nano  Letters,  4,  55  (2004);  [6]  N.  P.  Guisinger,  R.  Basu,  A.  S. 
Baluch,  and  M.  C.  Hersam,  Ann.  N.  Y.  Acad.  ScL,  1006,  227  (2003). 


Figure  MH5.  (a)  Two  dangling  bonds  patterned  with  feedback  controlled  lithography  on  the  Si(100)-2xl:H  surface, 
(b)  Individual  TEMPO  molecules  selectively  react  with  the  pre-pattemed  dangling  bonds,  (c)  Two  one-dimensional 
arrays  of  TEMPO  molecules  following  feedback  controlled  lithography  on  the  Si(100)-2xl;H  surface. 

(4)  The  atomic  level  robustness  of  the  Si(100)-2xl:H  surface  following  liquid  phase  solvent 
treatments  has  been  verified. 

To  date,  atomically  precise  patterning  with  FCL  has  been  limited  to  molecules  that  can  be 
delivered  to  the  Si(100)-2xl:H  surface  in  the  gas  phase  in  UHV.  However,  many  of  the  rotor 
molecules  being  synthesized  by  the  Michl  Research  Group  are  limited  to  deposition  via  liquid 
phase  solvent  treatments.  In  order  for  these  molecules  to  be  tethered  to  FCL  nanopattems,  the 
Si(100)-2xl:H  surface  must  survive  exposure  to  solvent  treatments  in  an  atmospheric  pressure 
environment.  Towards  this  end,  a  controlled  atmosphere  nitrogen  glove  box  was  directly 
interfaced  to  the  UHV  STM  chamber.  After  taking  appropriate  measures  to  shield  the  sample 
surface  during  transit  from  UHV  to  the  glove  box,  the  Si(100)-2xl:H  surface  was  shown  to  be 
unperturbed  at  the  atomic  scale  following  exposure  to  atmospheric  pressure  nitrogen. 
Furthermore,  this  work  was  extended  by  studying  the  atomic  level  quality  of  the  hydrogen 
passivated  Si(lOO)  surface  following  exposure  to  a  variety  of  solvents.  The  results  are 
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summarized  in  Figure  6  where  STM  images  are  shown  following  treatments  in  dichloromethane, 
toluene,  and  water.  In  particular,  Figures  MH6(a)  and  MH6(b)  show  that  the  Si(100)-2xl:H 
surface  sustains  negligible  damage  even  at  the  atomic  scale  following  exposure  to 
dichloromethane  and  toluene  respectively.  On  the  other  hand.  Figure  MH6(c)  shows  that 
unsparged  water  causes  significant  perturbation  of  the  surface.  By  minimizing  dissolved  oxygen, 
this  perturbation  was  significantly  reduced  by  sparging  the  water  with  nitrogen  before  surface 
exposure  as  seen  in  Figure  MH6(d).  Overall,  a  number  of  solvents  have  been  identified  that  can 
be  used  for  delivering  molecular  rotors  to  FCL  patterned  Si(100)-2xl:H  surfaces.  These  results 
were  documented  in  the  Journal  of  Vacuum  Science  and  Technology  (A.  S.  Baluch,  N.  P. 
Guisinger,  R.  Basu,  E.  T.  Foley,  and  M.  C.  Hersam,  “Atomic-level  robustness  of  the  Si(lOO)- 
2x1  :H  surface  following  liquid  phase  chemical  treatments  in  atmospheric  pressure 
environments,”  J.  Vac.  Sci.  Technol.  A,  22,  LI  (2004)). 


Figure  MH6.  UHV  STM  images  of  the  Si(100)-2xl:H  surfaee  following  exposure  to  a  variety  of  solvents  in  an 
atmospheric  pressure  nitrogen  glove  box.  (a)  Dichloromethane.  (b)  Toluene,  (c)  Unsparged  water,  (d)  Nitrogen 
sparged  water. 

(5)  Molecular  rotor  behavior  has  been  characterized  for  a  series  of  styrene-like  molecules 
on  silicon  surfaces  using  UHV  STM. 

UHV  STM  characterization  has  been  accomplished  for  4-methoxystyrene  rotor  molecules 
on  the  Si(lOO)  surface.  Figure  MH7  schematically  illustrates  the  expected  [2  +  2]  cycloaddition 
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binding  configuration  of  a  4-methoxystyrene  molecule  to  a  silicon  dimer  and  the  corresponding 
STM  image  of  a  submonolayer  coverage  of  4-methoxystyrene  on  clean  Si(lOO).  Several  of  the 
molecules  show  intramolecular  streaks  parallel  to  the  fast  scan  direction  of  the  STM  tip,  thus 
suggesting  the  occurrence  of  a  lateral  displacement  of  a  portion  or  the  entire  molecule.  Due  to 
the  rotational  degree  of  freedom  of  the  methoxy  group,  a  flip-flop  switching  behavior  at  room 
temperature  is  plausible  and  suggests  that  this  intramolecular  motion  would  lead  to  the  observed 
streaks  in  the  STM  images.  However,  a  closer  inspection  of  the  STM  images  reveals  that  the 
length  scales  of  the  lateral  shifts  are  too  large  to  be  explained  simply  by  the  expected  rotor-like 
behavior  of  the  methoxy  group  on  a  fixed  chemisorbed  molecule.  Since  an  STM  image 
measures  the  spatial  extent  of  the  local  electronic  density  of  states  rather  than  the  position  of  the 
atomic  nuclei,  it  is  possible  that  a  small  displacement  in  the  position  of  the  methoxy  group  could 
give  rise  to  a  much  larger  lateral  shift  in  the  STM  image  even  if  the  molecule  remained  anchored 
to  its  original  adsorption  site.  However,  additional  STM  images  indicate  direct  evidence  for 
translation  of  the  entire  molecule  along  the  dimer  row  on  the  silicon  surface.  Consequently,  the 
observed  switching  behavior  for  4-methoxystyrene  is  likely  explained  by  motion  that  includes 
breaking  of  carbon-silicon  bonds  between  the  molecule  and  the  underlying  substrate. 


Figure  MH7.  (a)  Schematic  of  [2+2]  cycloaddition  of  a  4-methoxystyrene  molecule  on  a  dimer  on  the  clean  Si(lOO) 
surface.  The  methoxy  group  is  expected  to  have  the  rotational  degree  of  freedom  indicated  in  the  figure,  (b)  UHV 
STM  image  of  4-methoxystyrene  molecules  on  the  clean  Si(lOO)  surface  following  a  dose  of  0.7  L.  Several  of  the 
molecules  (indicated  by  white  arrows)  exhibit  multiple  switching  events.  Imaging  conditions  are  sample  bias  of  - 
2.0  V  and  tunneling  current  of  0. 1  nA. 

Figure  MH8  schematically  shows  an  alternative  binding  configuration  where  the  4- 
methoxystyrene  molecule  bridges  two  dimers  along  a  dimer  row  on  the  Si(lOO)  surface.  Motion 
between  this  cross-dimer  configuration  and  the  single  dimer  configuration  produces  a  lateral 
translation  of  the  molecule  that  is  consistent  with  the  STM  data.  As  shown  schematically  in 
Figure  MH8(b),  motion  between  these  two  configurations  requires  the  breaking  of  one  carbon- 
silicon  covalent  bond.  This  bond  breaking  is  somewhat  surprising  since  the  chemisorption  of 
vinyl  groups  to  silicon  dimers  is  typically  stable  at  room  temperature.  Furthermore,  while 
carbon-silicon  bond  breaking  by  the  STM  tip  has  been  previously  reported  for  aromatic  organic 
molecules  on  Si(lOO),  this  mechanism  is  usually  inefficient  at  the  benign  scanning  conditions  of 
-2  V  and  0.1  nA.  For  example.  Figure  MH9  illustrates  that  UHV  STM  images  of  styrene 
molecules  on  clean  Si(lOO)  do  not  exhibit  switching  behavior  under  these  scanning  conditions. 
Consequently,  4-methoxystyrene  appears  to  be  especially  susceptible  to  tip-induced  molecular 
motion. 
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Figure  MH8.  (a)  Schematic  of  a  4-methoxystyrene  molecule  chemisorbed  in  a  cross-dimer  (CD)  configuration,  (b) 
Schematic  of  a  4-methoxystyrene  molecule  alternately  switching  between  a  dimer  (D)  and  a  cross-dimer  (CD) 
configuration,  (c)-(f)  Two  pairs  of  UHV  STM  images  showing  a  4-methoxystyrene  molecule  switching  between  a 
dimer  binding  (indicated  by  ‘D’)  and  a  cross-dimer  binding  configuration  (indicated  by  ^CD’).  The  white  lines  have 
been  drawn  to  indicate  the  dimer  rows  and  the  black  dotted  circles  indicate  the  spatial  extent  of  the  molecules  in 
their  bistable  configurations.  In  both  cases,  the  imaging  conditions  were  sample  bias  of  -2.0  V  and  tunneling 
current  of  0. 1  nA. 


Figure  MH9.  (a)  Schematic  of  chemisorption  of  a  styrene  molecule  to  a  Si(lOO)  dimer,  (b)  UHV  STM  image  of 
styrene  molecules  on  clean  Si(lOO)  following  a  dose  of  0.2  L.  In  contrast  to  4-methoxystyrene,  no  switching  events 
are  observed  in  this  case.  Imaging  conditions  are  sample  bias  of -2.0  V  and  tunneling  current  of  0.1  nA. 
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Visual  comparison  of  the  structure  of  4-methoxy styrene  and  styrene  quickly  reveals  that 
these  molecules  are  identical  except  for  the  presence  of  the  methoxy  group  on  4-methoxystyrene. 
While  this  methoxy  group  may  influence  the  detailed  electronic  structure  of  4-methoxystyrene 
compared  to  styrene,  it  also  represents  a  rotational  degree  of  freedom  that  is  not  present  in 
styrene.  Therefore,  we  suspected  that  excitation  of  this  rotary  motion  could  couple  to  other 
vibrational  modes  in  the  molecule  that  would  increase  the  likelihood  of  carbon-silicon  bond 
breaking.  To  test  this  hypothesis,  we  sought  a  4-methoxystyrene  analog  that  removed  the 
rotational  degree  of  freedom  of  the  methoxy  group  without  introducing  substantial  changes  to  the 
electronic  and  chemical  properties  of  the  molecule.  Following  an  established  protocol,  we 
synthesized  5-vinyl-2,3-dihydrobenzofuran,  which  is  a  molecule  that  eliminates  the  rotational 
degree  of  freedom  by  covalently  linking  the  methoxy  group  back  to  the  aromatic  ring. 


Figure  MHIO.  (a)  Schematic  of  a  5-vinyl-2,3-dihydrobenzofuran  bound  to  Si(lOO).  This  molecule  is  analogous  to 
4-methoxystyrene  except  that  its  methoxy  group  is  covalently  linked  to  the  aromatic  ring  in  order  to  inhibit  its 
rotational  degree  of  freedom,  (b)  UHV  STM  image  of  a  submonolayer  coverage  of  5-vinyl-2,3-dihydrobenzofiiran 
on  the  clean  Si(lOO)  surface  following  a  dose  of  0.4  L.  No  switching  events  are  observed  in  this  case.  Imaging 
conditions  are  sample  bias  of -2.0  V  and  tunneling  current  of  0.1  nA. 

Figure  MH  10(a)  shows  a  schematic  depiction  of  5-vinyl-2,3-dihydrobenzofuran  bound  to 
the  Si(lOO)  surface.  The  UHV  STM  image  of  Fig.  MHlO(b)  confirms  that  this  molecule  does 
not  experience  the  molecular  motion  observed  for  4-methoxystyrene  under  identical  scanning 
conditions.  Interestingly,  measurements  on  2-methoxystyrene  and  3-methoxystyrene  also  reveal 
no  molecular  motion  at  these  experimental  conditions.  Thus,  it  appears  that  the  intramolecular 
rotational  degree  of  freedom  provided  by  the  methoxy  group  and  the  orientation  of  the  rotor  axis 
within  4-methoxystyrene  enhances  its  likelihood  of  molecular  motion.  Overall,  these  results 
have  been  documented  in  the  Journal  of  Vacuum  Science  and  Technology  (R.  Basu,  J.  D.  Tovar, 
and  M.  C.  Hersam,  “Scanning  tunneling  microscopy  study  of  single  molecule  motion  on  the 
Si(100)-2xl  surface,”/.  Vac.  Sci.  Technol.  B,  23,  1785  (2005)). 

(6)  Technology  Transfer  to  DURINT  Collaborators  at  NIST 

Following  discussions  with  Mark  Keller  and  Mark  Dalberth  of  NIST  at  a  DURINT  team 
meeting,  collaborative  experiments  were  performed  to  demonstrate  the  feasibility  of  fabricating 
nanopattemed  molecular  rotor  single  electron  transistors  (SETs).  The  long  term  goal  of  this 
project  is  to  use  conductive  atomic  force  microscope  field  induced  oxidation  as  a  strategy  for 
nanopatteming  molecular  rotors  in  close  proximity  to  the  gate  of  a  SET.  As  a  first  step  towards 
this  goal,  the  NIST  collaborators  supplied  the  Hersam  Research  Group  with  a  silicon  dioxide 
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substrate  that  is  used  in  the  fabrication  of  SETs.  In  order  for  the  proposed  device  fabrication 
strategy  to  be  successful,  field  induced  oxidation  needed  to  be  demonstrated  on  the  SET 
substrate.  By  using  a  conductive  atomic  force  microscope  contained  within  a  controlled 
humidity  glove  box  as  shown  in  Figure  MH  11(a),  field  induced  oxidation  was  successfully 
accomplished  on  the  NIST  substrate.  Local  oxidation  was  achieved  at  biases  as  low  as  5  volts  as 
illustrated  in  Figure  MH  11(b).  In  future  experiments,  a  complete  SET  will  be  fabricated  and 
coated  with  an  inert  trichlorosilane  monolayer  (e.g.,  octadecyltrichlorosilane).  Field  induced 
oxidation  will  then  be  used  to  locally  form  a  freshly  oxidized  nanopattem  near  the  gate  of  the 
SET.  Molecular  rotors  will  then  be  selectively  deposited  on  the  oxide  nanopattem.  The 
influence  of  the  dipolar  molecular  rotation  on  the  SET  device  characteristics  will  subsequently 
be  studied.  The  dynamics  of  nanopatteming  with  atomic  force  microscopy  have  been 
documented  in  Small  (M.  C.  Hersam,  “Monitoring  and  analyzing  nonlinear  dynamics  in  atomic 
force  microscopy,”  Small,  2,  1 122  (2006)). 
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Figure  MHll.  (a)  Conductive  atomic  force  microscope  enclosed  in  a  controlled  humidity  glove  box.  This 
experimental  apparatus  is  used  for  field  induced  oxidation  nanopatteming.  (b)  Demonstration  of  field  induced 
oxidation  at  a  variety  of  biasing  conditions  on  a  silicon  dioxide  single  electron  transistor  substrate  supplied  by  Mark 
Keller  and  Mark  Dalberth  of  NIST. 


Price  Contribution 

Chloromethylsilyl  Rotors  on  Quartz  Glass  (Laura  Clarke,  Tanja  Hinderer,  Robert  Horansky) 

We  have  used  surface-sensitive  dielectric  spectroscopy  to  characterize  a  disordered  2-d 
array  of  chloromethylsilyl  rotors  on  fused  silica.  Fig.  JPl.  The  rotor  molecules  were  covalently 
attached  to  the  fused  silica  surface  between  co-planar  interdigital  electrodes,  and  the  response  to 
an  in-plane  electric  field  was  observed  by  measuring  the  capacitance  and  loss  tangent 
(dissipation  factor)  of  the  electrode  pair. 

In  chloromethylsilyl  the  barrier  height  for  rotation  is  much  larger  than  the  temperature, 
so  we  expect  to  see  thermal  hopping  in  an  approximately  three-fold  symmetric  rotational 
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potential.  For  a  single  barrier  to  rotation  (each  molecule  having  the  same  rotational  potential 
with  three  identical  wells),  we  would  observe  a  single  Debye  relaxation  peak  in  a  plot  of  the 
loss  tangent  versus  temperature,  located  at  the  temperature  where  the  hopping  frequency  of  the 
rotors  equals  the  frequency  of  the  applied  field.  The  width  of  the  peak  would  to  be  less  than  10 
K  at  1  kHz,  given  a  typical  barrier  height  for  the  chloromethyl  rotor.  However,  the  data 
revealed  broader  features,  indicating  that  the  rotors  contained  a  range  of  barrier  heights. 


Figure  JPl.  Chloromethyl  group  attached  to  a  fused  silica  substrate.  The  polar  chloromethyl  group  rotates  about 
an  axis  perpendicular  to  the  page. 

To  better  understand  this  result,  we  performed  molecular  dynamics  calculations  of  the 
rotational  potential  for  chloromethyl  rotors  on  quartz  glass.  For  ten  sites  on  which  the 
chloromethyl  molecule  was  placed,  a  wide  distribution  of  well  and  barrier  energies  was  observed. 
The  breadth  of  the  distribution  indicates  that  the  intrinsic  torsional  potential,  which  is  equal  for 
all  rotors,  is  superimposed  with  a  surface  interaction  potential,  which  depends  on  the  surrounding 
environment.  The  dielectric  data  was  fit  by  a  distribution  of  Debye  relaxation  peaks,  and  we 
compared  the  rotor  barrier  height  distribution  inferred  from  a  fit  to  the  dielectric  data  to  the 
barrier  height  distribution  obtained  from  the  simulations.  Generally,  the  calculations  and 
experimental  measurements  agreed,  although  for  the  chloromethyl  rotors  the  calculated 
distribution  is  shifted  by  about  -0.5  kcal/mol  as  compared  with  the  distribution  found  from 
dielectric  measurements. 
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Figure  JP2  UCLA  phenylene  rotor  molecule. 


Figure  JP3.  Crystal  structure  of  phenylene  rotor  arrays  showing  proximity  between  rotary  element  (red)  and  the 
crystal  lattice. 

Phenylene  Rotor  Molecular  Crystals  (Robert  Horansky,  Erick  Winston,  Matt  Myers) 

We  have  used  bulk  dielectrie  speetroseopy  to  charaeterize  rotations  and  rotor-rotor 
interactions  in  phenylene  molecular  rotor  crystals  made  by  Miguel  Garcia-Garibay  and  his 
collaborators  at  UCLA.  These  molecules  contain  a  rotating  polar  phenyl  group  attached  by  triple 
bonds  to  bulky  end  groups  (see  Fig.  JP2).  In  the  crystalline  environment  rotation  proceeds  by 
thermal  hopping  over  a  potential  barrier  dominated  by  steric  interaction  between  the  rotating 
group  and  the  end  groups  of  an  adjacent  molecule,  as  can  be  seen  in  Fig.  JP3.  The  symmetry  of 
the  local  environment  gives  rise  to  an  asymmetric  potential  for  monofluorophenylene  rotors  and 
a  symmetric  potential  for  difluorophenylene  rotors  (Fig  JP4).  The  dielectric  signatures  of  the 
thermal  rotations  are  easily  observed  in  both  cases,  and  are  absent  in  non-polar  analogs. 
Dielectric  loss  peaks  for  the  diflouro  crystal  are  shown  in  Fig.  JP5.  A  nearly  ideal  single¬ 
exponential  relaxation  is  observed  with  a  barrier  height  of  14.1  kcal/mole  and  a  well  asymmetry 
of  0.93  kcal/mole. 
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Figure  JP4.  (left)  Local  environment  of  rotor  in  phenylene  rotor  crystals. 

Figure  JP5.  (right)  Dielectric  loss  versus  temperature  and  frequency  for  difluorophenylene  rotor  crystal. 
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Figure  JP6.  Monte  Carlo  results  for  the  local  potential  asymmetry  at  300  K  for  several  values  of  the  rotor  dipole 
moment. 

The  well  asymmetry  for  diflouro  crystals  is  smaller  than  for  the  monofluoro  case,  as 
expected,  but  it  is  not  zero  as  would  be  inferred  from  the  symmetry  of  the  local  environment 
given  by  the  x-ray  structure.  Much  of  our  effort  was  directed  at  understanding  the  cause  of  the 
asymmetry  in  the  difluoro  case.  The  two  possibilities  we  considered  were  static  disorder  and 
rotor-rotor  interactions.  Data  from  small  single  crystals  are  very  similar  to  data  from 
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microcrystalline  drop-cast  samples,  so  it  seems  unlikely  that  static  disorder  ean  be  the  cause. 
However,  the  x-ray  strueture  shows  equal  rotor  populations  in  the  two  orientations,  and  thus  it  is 
averaged  over  rotor  orientations.  If  the  rotors  interact,  the  unaveraged  potential  can  be 
asymmetrie.  Several  caleulations  were  performed  to  better  understand  the  effeet  of  interaetions. 
Results  of  a  finite  temperature  Monte  Carlo  simulation  of  the  interaeting  rotors  are  shown  in  Fig. 
JP6.  The  histogram  shows  the  distribution  of  well  asymmetries  at  300  K  for  several  values  of  the 
rotor  dipole  moment.  When  the  dipole  moment  is  large  the  rotors  order  into  ferroeleetric  planes 
with  an  antiferroelectrie  arrangement  from  plane  to  plane.  In  the  ordered  state  the  histogram 
shows  a  sharp  peak  beeause  every  rotor  is  in  the  same  environment.  The  data  in  Fig.  JP5 
correspond  well  with  the  distribution  predieted  at  4.5  Debye,  a  ease  where  rotor-rotor 
correlations  are  weak  and  there  is  a  wider  distribution  of  asymmetries.  This  value  of  the  dipole 
moment  is  somewhat  larger  than  the  actual  value  of  3  Debye.  We  eonelude  that  rotor-rotor 
interaetions  are  the  likely  eause  of  the  observed  asymmetry,  but  the  strength  of  the  interaction  is 
enhanced  over  the  dipole-dipole  value,  probably  due  to  indirect  steric  interactions  between  rotors. 


Figure  JP7.  MOF-5  structure  shown  with  non-polar  rotors  on  the  cube  edges. 

Metal  Organic  Framework  Crystals  (Erick  Wintson,  Peter  Lowell) 

Certain  MOF  structures  are  of  extremely  low  density  and  high  porosity,  and  as  sueh  have 
attraeted  interest  as  substrates  for  gas  adsorption,  ineluding  hydrogen  storage.  However,  the  high 
porosity  of  these  structures  also  make  them  interesting  for  incorporating  molecular  motion, 
including  molecular  rotors.  MOFs  containing  polar  molecular  rotors  could  be  useful  as  novel 
electronie  and  electro-optie  materials,  including  solids  with  liquid-crystal-like  electro-optic 
properties.  The  system  we  have  ehosen  for  experiments  on  moleeular  rotation  is  known  as 
MOF-5  (discovered  and  elaborated  upon  by  Yaghi  and  eollaborators).  Fig.  JP7.  This  is  an 
oetahedrally  connected  cubie  strueture  with  roughly  80%  of  its  volume  empty,  as  depleted  by  the 
sphere  in  figure. 
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Figure  JM8.  left  Dielectric  response  for  mono-brominated  MOF-5  in  the  temperature  range  145-300  K  fit  to  a 
single  Debye  function  with  a  high  temperature  ionic  conductivity  term.  The  fit  indicates  a  barrier  to  rotation  of  7.5 
kcal/mol  and  an  asymmetry  of  less  than  0.2. 

Figure  JM9.  right  Dielectric  response  for  the  non-polar  MOF-5  structure.  No  loss  peaks  are  observed,  ft  is 
believed  that  the  small  discontinuities  in  the  data  are  due  to  temperature  induced  shifts  of  the  crystals  in  the 
capacitor. 


For  our  experiments  we  have  crystallized  a  mono-bromo  substituted  terephthalic  acid 
linked  version  of  the  MOF-5  structure  shown  in  the  figure,  as  well  as  the  unmodified  non-polar 
MOF-5  structure.  Several  small  crystals  of  cubic  morphology  were  placed  in  a  bulk  capacitor  for 
dielectric  measurement  and  X-ray  spectra  were  taken  on  samples  to  confirm  crystal  structure. 
Figures  JM8  and  JM9  show  a  clear  peak  near  200  K  for  the  brominated  benzene  crystal  but  no 
peak  for  the  un-brominated  benzene  crystal.  The  Br-MOF-5  curve  fits  very  well  to  a  single 
exponential  relaxation  time  constant  which  indicates  that  long  range  dipolar  interactions  are  not 
significant  at  this  temperature.  In  the  future  we  hope  to  compare  the  observed  rotation  barrier 
height  to  calculations  and  to  extend  these  measurements  to  an  amino-substituted  MOF-5. 
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Figure  JPIO.  Energy  and  well  asymmetry  from  a  Monte  Carlo  simulation  of  Br-MOF-5. 

To  confirm  the  insignificance  of  dipolar  interactions  near  200  K  for  Br-MOF-5  a  Monte 
Carlo  simulation  was  performed  with  periodic  boundary  conditions  at  one  unit  cell  (each 
containing  24  dipoles)  and  long  range  dipolar  interactions  handled  by  Ewald  summation.  Figure 
JPIO  shows  the  total  interaction  energy  of  the  unit  cell  and  the  average  well  asymmetry  of 
randomly  chosen  dipoles  as  a  function  of  temperature.  As  the  temperature  is  lowered  the  energy 
decreases  indicating  the  onset  of  ordering  and  thereby  creating  a  situation  with  asymmetric  wells. 
Near  200  K,  the  simulation  indicates  an  asymmetry  of  -0.06  kcal/mol  which  is  less  than  can  be 
determined  from  the  dielectric  spectra.  To  observe  the  effects  of  long  range  dipolar  interactions 
by  dielectric  relaxation  it  appears  necessary  to  synthesize  structures  with  lower  rotational  barriers 
or  higher  dipole  moments.  Efforts  in  this  direction  are  planned  for  the  future. 
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Figure  JPll.  lodomethane  in  cryptophane-A  from  X-ray  spectroscopy. 

Cryptophane  Molecular  Crystals  (Erick  Winston,  Peter  Lowell) 

Cryptophanes  are  a  class  of  molecule  with  an  interior  cavity  which  can  be  occupied  by 
smaller  guest  molecules  non-covalently.  In  cases  where  the  guest  molecules  are  free  to  tumble 
within  the  cryptophane  host,  and  where  the  cryptophanes  can  be  crystallized,  it  is  possible  to 
create  ordered  arrays  of  reorienting  guest  molecules.  By  using  small  dipolar  guests,  such  as  the 
methyl  halides,  the  guest  motions  can  be  observed  by  dielectric  spectroscopy  and  guests  may 
order  via  strain  or  dipole-dipole  interactions.  For  the  case  of  iodomethane  in  cryptophane-A,  the 
observed  rotational  barriers  were  compared  to  computational  molecular  mechanics  calculations 
of  iodomethane  in  an  artificially  symmetric  cryptophane  host.  Using  the  X-ray  structure  for 
iodomethane  in  cryptophane-A  Fig.  JPll  the  molecular  mechanics  calculations  were  repeated 
with  this  more  accurate  host-guest  environment  as  well  as  for  crystallized  chloroform  in 
cryptophane-A.  The  potential  surfaces  for  these  systems  are  shown  in  Figs  JP12-JP13.  In  the 
contour  plots  we  have  adopted  planetographic  coordinates  where  the  prime  meridian  is  defined 
by  the  line  passing  through  the  centers  of  position  of  each  of  the  CTV  units  of  cryptophane.  Due 
to  the  openings  between  ethyl  linkers  it  is  expected  that  these  are  the  directions  in  which  the  long 
arms  of  the  guest  will  want  to  point.  For  CHCI3  this  corresponds  to  the  dipole  aligning  with  the 
meridian  and  the  three  chlorines  pointing  to  each  of  the  three  openings.  It  is  tightly  bound  to  this 
orientation  with  a  ~40  kcal/mol  barrier  to  rotation.  CH3I,  in  contrast  to  CHCI3,  wants  to  have  its 
dipole  axis  lying  in  the  equatorial  plane.  Figure  JP14  shows  the  potential  energy  CH3I 
experiences  along  the  minimum  energy  equatorial  band.  The  six  maxima  are  probably  due  to 
putting  an  approximately  C2  symmetric  guest  in  a  approximately  C3  symmetric  host; 
neighboring  maxima  correspond  alternately  to  whether  the  iodine  or  carbon  end  of  the  dipole  is 
closest  to  the  ethyl  linkers  around  the  equator.  Future  work  will  be  focused  on  crystallizing 
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chloroform  in  cryptophane  —  a  suitable  system  for  dielectrie  measurements  to  eompliment  the 
iodomethane  data  and  compare  to  the  molecular  mechanics  potential  surfaees. 
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Figure  JP12  (top)  and  Figure  JP12  (bottom).  CH3I  {top)  and  CHCI3  {bottom)  in  cryptophane-A:  orientational 
potential  energy  surfaces  of  host-guest  system.  Grey  dots  indicate  the  points  where  the  energy  was  actually 
evaluated.  The  rest  of  the  points  were  approximated  to  these  with  a  minimum  curvature  spline. 
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Figure  JP14.  Orientational  potential  energy  of  CH3I  in  cryptophane  for  equatorial  orientations. 

Surface  Dielectric  Spectroscopy  in  UHV  (Jason  Underwood) 

We  are  currently  studying  the  dielectric  response  of  disordered  2 -dimensional  arrays  of 
dicarbonylchloro(pentamethylcyclopentadienyl)iron  (see  Figure  JP15)  molecular  rotors.  To 
resolve  the  small  (10‘^)  loss  tangents  that  result  from  monolayer  and  sub-monolayer  coverages, 
ratio-transformer  bridge  methods  are  being  used  at  audio  frequencies  and  over  the  temperature 
range  4  K  <  7  <  400  K.  Rotor  molecules  are  deposited  from  a  near-ambient  effusion  cell  onto 
Ar"^  sputter-cleaned  fused  silica  substrates,  which  are  lithographically  patterned  with  Au 
interdigitated  electrodes.  Deposition  and  subsequent  dielectric  measurements  are  performed  in 
situ,  in  an  ultra-high  vacuum  (10'^  Torr)  environment.  X-ray  photoelectron  spectroscopy  (XPS) 
measurements  are  also  performed  in  situ  to  provide  independent  confirmation  of  surface 
chemical  species  and  rotor  coverage. 


Figure  JP15.  Ball  and  stick  model  of  dicarbonylchloro(pentamethylcyclopentadienyl)iron  rotor.  Atoms  are  colored 
as  follows:  H  (white),  C  (gray),  Fe  (violet).  Cl  (green),  and  O  (red).  The  base  consists  of  the  5-membered  C  ring,  and 
the  two  carbonyl  groups  and  the  C  ring,  and  the  two  carbonyl  groups  and  the  Cl  atom  form  the  dipolar  rotator. 

The  cyclopentadienyl  rotor  does  not  contain  any  labile  groups,  and  so  its  attachment  is 
facilitated  by  van  der  Waals  attraction  with  the  substrate  surface  (i.e.,  physi-sorption).  Evidence 
of  rotor  desorption  was  observed  in  both  the  dielectric  and  photoemission  spectra,  indicating 
reversible  control  over  the  substrate  coverage.  Desorption  was  found  to  occur  around  Tdesorp  = 
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220  K.  Ongoing  work  includes  dielectric  measurements  to  4  K  of  dilute  arrays,  to  resolve  the 
expected  Debye  peak  at  7  ~  20  K,  and  growth  and  characterization  of  arrays  with  coverages 
between  the  dilute  and  monolayer  limits.  Future  work  will  be  focused  on  ordered  2-d  arrays  of  a 
different  molecular  rotor  system. 


Prep 

chamber 


XPS 


Gate  valve 


Figure  JM16.  Schematic  of  the  experimental  apparatus  for  UHV  dieleetric  studies. 


The  UHV  system  consists  of  a  cold  finger  (4-500  K)  mounted  on  a  manipulation  stage 
that  permits  x,y,z  translation  and  rotation  about  the  cold  finger  axis,  a  preparation  chamber,  and 
the  XPS  analysis  chamber  (see  Figure  JP16).  The  nominal  pressure  in  both  chambers  is  1x10'^ 
Torr.  The  system  was  designed  to  allow  sample  transfer  in  situ  between  prep  chamber  and  XPS 
without  changes  in  sample  temperature.  Also,  the  rotational  capabilities  allow  for  variable-angle 
XPS,  which  gives  a  non-destructive  depth  profile  of  the  specimen  surface.  In  mid-2005,  we 
began  to  make  the  first  measurements  of  rotor  systems.  The  particular  metal-organic  rotor  being 
studied  highlights  the  capabilities  of  the  UHV  system.  Unlike  the  rotor  molecules  our  group  has 
studied  previously,  which  chemically  react  with  OH  groups  on  the  substrate  surface,  this  rotor 
attaches  to  the  substrate  by  physi-sorption  (i.e.,  van  der  Waals  interaction).  It  has  a  large  dipole 
moment  (~  1  Debye)  and  is  expected  to  have  a  low  barrier  to  rotation  (~  a  few  kcal/mol),  which 
may  provide  a  facile  route  to  study  quantum  effects,  or  the  effects  of  rotor-rotor  interactions. 

Rotor  molecules  are  synthesized  by  our  collaborators  (Josef  Michl  et  al.)  and  supplied  in 
the  form  of  small  rod-like  crystallites.  These  crystals  are  placed  into  a  stainless  steel  crucible, 
which  is  then  attached  to  a  near-ambient  effusion  cell  (NEAC).  The  NEAC  is  differentially 
pumped,  and  is  attached  to  the  prep  chamber  through  a  gate  valve,  to  allow  changing  of  the 
crucible  without  breaking  vacuum  in  the  prep  chamber.  Deposition  is  accomplished  by  opening 
the  valve  while  maintaining  the  substrate  at  low  temperature  (<  250  K).  The  van  der  Waals 
(vdW)  attachment  allows  us  to  reproducibly  deposit  and  remove  rotors  in  situ,  by  adjusting  the 
temperature  above  or  below  the  gas  desorption  temperature.  This  effect  was  observed  in  both  the 
dielectric  data  and  the  XPS  spectra. 
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Figure  JM17.  Dielectric  response  of  the  cyclopentadienyl  rotor  for  r>  80  K,  showing  rotor  desorption  at  220  K. 

Figure  JM17  shows  the  dielectric  loss  during  rotor  vapor  exposure.  Starting  at  7’=  360  K, 
the  temperature  is  ramped  down  to  80  K,  and  then  back  up  again.  During  the  down  sweep,  rotor 
molecules  slowly  fill  the  very  narrow  gap  between  the  microelectrodes.  Due  to  the  low  partial 
pressure  of  the  rotor  vapor,  the  loss  tangent  does  not  change  appreciably  during  the  5  minutes  or 
so  between  measurements.  However,  it  takes  about  10  hours  to  sweep  down  from  250  K  and 
back  again.  Over  that  timescale,  a  substantial  number  of  rotors  will  have  condensed.  As  the 
thermal  energy  RbT  approaches  the  VdW  energy,  the  rotors  start  to  become  mobile  and  move 
around  within  the  gap  (170  K  <  7’<  220  K).  This  motion  manifests  itself  in  the  sharp  loss  peak 
depicted  in  the  figure.  At  still  higher  temperatures,  the  rotors  leave  the  surface  and  the  loss 
returns  to  the  background  of  the  substrate.  An  analysis  of  the  kinetics  during  gas  desorption  is 
currently  in  progress. 

The  low  barrier  height  of  the  cyclopentadienyl  rotor  means  that  the  Debye  peak  will 
occur  at  temperatures  ~  20  K.  Additional  work  will  involve  modifications  to  the  cold  finger  to 
reach  the  low  temperatures  necessary  to  fully  resolve  the  peak.  We  also  plan  to  do  additional 
experiments  with  varying  rotor  coverage  to  study  the  effects  of  rotor-rotor  interactions.  It  is 
expected  that  a  glass  transition  should  occur  at  temperatures  above  the  Debye  peak,  but  below 
the  desorption  temperature. 
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Rogers  Contribution 


We  have  pursued  nonlinear  surface  second  harmonic  generation  (SSHG)  measurements  since  the 
beginning  of  DURESTT  funding  of  our  work  on  surface  mounted  rotor  molecules.  SSHG  arises 
from  nonlinear  motion  of  electrons  near  the  surface,  is  sensitive  to  surface  localized  molecules, 
and  can  be  performed  on  any  surface  or  interface  that  can  be  reached  by  the  incident  light  field. 
As  a  surface  science  tool,  it  has  the  advantage  of  not  requiring  vacuum  environments.  During  the 
early  parts  of  the  project,  we  studied  the  SSHG  of  a  variety  of  metallic  and  insulating  substrates 
(see  listed  publications).  In  the  second  half  of  DURINT  support,  graduate  student  James  Walker 
has  continued  our  surface  nonlinear  optical  studies  of  surface  mounted  dipolar  rotor  molecules, 
especially  the  difluoroanthracene  rotor  shown  in  Figure  R1 . 


Difluoroanthracene  rotor. 
Large  optical  anisotropy  and 
dipole  coupling  to  E-field 


F2ABOG 


Difluoroanthracene 
“blade  of  grass” 
rotor. 

Gregg  Kottas 


C-C  Triple  bond. 
Low  rotation 
barrier. 

Silane  attachment 
chemistry. 


Surface  mounted 
difluoroanthracene 
rotor  on  Si02 


Dominik  Horinek 


Figure  Rl.  The  difluoroanthracene-based  surface  rotor  molecule  is  a  prototype  rotor  system 
that  we  are  studying.  The  upper  left  shows  the  molecule  as  synthesized  with  isopropoxy 
silane  attachment  feet,  while  the  lower  right  shows  a  molecule  surface  mounted  on  silica 
with  two  of  the  three  feet  reacted  for  attachment.  The  molecule  was  synthesized  by  Gregg 
Kottas  in  Prof.  Josef  Michl’s  lab.  Molecular  modeling  was  done  by  Dominik  Horinek  in  the 
Michl  Lab. 


Nonlinear  optics,  especially  surface  second  harmonic  generation  (SSHG),  has  long  been  know  to 
be  a  particularly  useful  tool  for  studying  molecule  orientation  at  surfaces  and  interfaces  [1,  2,  3, 
4].  Optical  second  harmonic  generation  is  described  macroscopically  by  a  third-rank  second 

harmonic  susceptibility  tensor,  ,  which  converts  two  applied  electric  field  vectors  into  a 
second  harmonic  polarization  vector: 
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As  for  any  third-rank  tensor,  this  second  order  susceptibility  is  forbidden  in  systems  with 
inversion  symmetry.  Therefore,  e.g.  cubic  or  isotropic  media  will  not  normally  generate  second 
harmonic  light.  However,  any  surface  is  inherently  a  region  of  broken  inversion  symmetry. 
Therefore,  second  harmonic  can  be  generated  at  any  surface  or  interface  between  dissimilar 
media.  Shen  and  his  co-workers  [2]  have  shown  how  to  use  surface  second  harmonic  generation 
to  provide  information  about  the  orientation  of  molecules  localized  at  surfaces.  The  approach  is 

to  first  use  a  combination  of  input  and  output  polarization  geometries  to  measure  ,  to  then 

relate  the  measured  result  back  to  the  local  molecular  hyperpolarizability  tensor,  ,  the 
average  molecular  orientation,  and  molecular  surface  density,  via  the  relation: 
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This  process  is  feasible  primarily  for  molecules  where  the  hyperpolarizability  is  known, 
or  where  either  the  molecular  symmetry  or  a  resonance  condition  causes  the  tensor  to  be 
dominated  by  only  a  few  elements.  For  example,  for  a  hypothetical  cylindrical  molecule  with  a 
symmetry  axis  along  the  C  axis,  the  27  element  tensor  is  populated  with  only  two  values, 

,  and  .  In  the  unusually  simple  case  where  dominates, 

typically  due  to  proximity  to  a  resonance,  then  ratios  of  the  measured  susceptibility  tensor 
elements  can  be  used  to  determine  the  average  value  of  cos  0  and  cos^  0 ,  where  0  is  the  angle 
between  the  surface  normal  and  the  C  axis  of  the  molecules  [2,  4]. 

In  the  third  and  fourth  years  of  funding,  we  determined  that  the  difluoroanthracene  rotor 
surfaces  show  second  harmonic  generation  that  differs  substantially  from  bare  substrates  in  the 
spectral  region  where  anthracene  is  strongly  absorptive  in  linear  optics.  These  results  indicate 
that  the  molecular  hyperpolarizability  is  making  a  contribution  to  the  reradiated  second  harmonic 
light.  The  final  year,  we  have  continued  the  systematic  study  of  the  second  harmonic  from 
surfaces  of  this  molecule,  to  determine  the  details  of  how  the  molecule  contributes  to  the  SSHG. 
Figure  R2  shows  a  compilation  of  spectral  data  for  the  difluoroanthracene  rotor  on  silica  along 
with  a  solid  line  fit  to  a  model  where  the  second  harmonic  is  generated  by  an  interfering 
combination  of  a  wavelength  independent  background  (assumed  to  arise  from  the  silica 
substrate)  and  a  single  resonant  molecular  contribution  to  the  hyperpolarizability. 

These  results  suggest  that  the  observed  SSHG,  while  not  completely  dominated  by  the 
molecular  hyperpolarizability,  can  be  well  understood  as  a  molecular  contribution  in  the 
presence  of  a  substrate  background.  We  have  prepared  clean  silica  substrates  in  the  UHV/optical 
spectroscopy  apparatus  (constructed  with  separate  DURIP  funding),  have  verified  the  flat 
spectral  response  of  silica. 
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Figure  R2.  Plots  of  p-polarized  intensity  (Ip),  s-polarized  intensity  (Is),  and  their  relative  phase 
versus  wavelength.  The  red  lines  are  a  fitting  of  the  data  to  a  model  with  a  vibronically  broadened 
absorption  structure  interfering  with  a  wavelength  independent  background.  The  model  shows  that 
a  molecular  absorption  appropriate  for  anthracene,  along  with  a  substrate  background  contribution, 
explains  the  observations  well. 


In  the  final  part  of  our  work,  Jim  Walker  setup  a  bank  of  high  speed  MOS-FET  switches  to  apply 
faster  high  voltage  pulses.  The  use  of  higher  speed  voltage  pulses  expand  the  time  scales  over 
which  we  can  look  for  interesting  molecular  dynamics.  Figure  R3  shows  oscilloscope  data  of  an 
applied  300V  pulse  with  less  than  10  nanosecond  characteristic  rise  time.  Previously,  we  have 
shown  that  the  difluoroanthracene  rotor  surfaces  show  SSHG  electro-optic  effects  that  are 
independent  of  frequency  up  to  roughly  1  kHz.  In  other  words,  whatever  combination  of  electric 
field  induced  rotation  and  distortion  that  is  occurring  on  the  surface,  it  occurs  on  time  scales  that 
are  at  least  as  fast  as  1  millisecond.  With  the  new  high  voltage  switches,  we  can  now  apply 
electric  field  steps  and  pulses  with  a  few  nanosecond  time  variations.  We  applied  this  capability 
to  study  the  time  response  of  substrates  with  mono  layer  difluoroanthracene  rotor  surfaces. 
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Figure  R3.  Oscilloscope  trace  showing  the  rising  edge  of  a  nominally  200  V  step  applied  to  coplanar 
capacitor  electrodes.  The  initial  rise  time  is  less  than  10  nsec. 


Most  recently,  we  have  used  a  multi-channel  analyzer  to  acquire  photon  counts  and  time 
synchronize  them  with  the  applied  voltage  pulses  to  look  for  voltage  induced  electro-optic 
changes  in  the  surface  second  harmonic  generation.  In  these  experiments,  the  voltage  pulse  is 
applied  to  a  coplanar  capacitor  structure  with  a  500  micron  gap  on  silica.  Therefore,  the 
associated  electric  field  strengths  are  on  the  order  of  1  Volt/micron.  We  then  treat  the  silica 
substrate  with  difluoroanthracene  rotor  (see  figure  Rl)  to  mount  the  rotors  between  the 
electrodes.  Ellipsometry  suggests  that  we  are  preparing  roughly  half  monolayer  coverage  layers 
in  the  capacitor  gap.  Application  of  the  voltage  induces  anisotropy  in  the  surface  layer,  and 
causes  associated  changes  in  the  total  surface  second  harmonic  generation. 

In  Figure  R4,  we  show  correlated  photon  counts  from  a  difluoroanthrecene  rotor  surface  as  a 
function  of  time  during  the  application  of  a  fast  voltage  pulse  on  the  capacitor  electrode  structure. 
We  have  studied  pulse  response  of  this  type  for  a  large  number  on  input  polarization  conditions, 
in  different  spectral  regions,  and  with  applied  voltage  directed  both  in  and  perpendicular  to  the 
optical  plane  of  incidence.  All  of  these  measurements  confirm  a  significant  electro-optic  effect, 
synchronized  with  the  voltage  pulse,  and  clearly  arising  from  the  difluoroanthracene  optical 
spectrum. 


25 


Figure  R4.  Example  of  measured  SSHG  photon  counts  in  response  to  an  applied  400  volt  peak 
voltage  pulse.  The  voltage  signal  is  repeated  at  a  IMHz  rate.  The  rise  time  on  the  initial  voltage 
pulse  is  roughly  10  nanoseconds.  The  measured  voltage  pulse  has  been  scaled  and  superposed  as 
a  red  line  on  the  photon  counts  to  show  that  for  this  optical  geometry,  the  electro-optic  effect  is 
linearly  related  to  the  applied  voltage.  The  electro-optic  effect  on  this  time  scale  is  prompt. 


We  also  find  that  the  magnitude  of  this  response  is  unchanged  as  we  go  from  static  applied 
voltages,  to  millisecond  time  scale  pulses,  to  the  fastest  pulses  of  several  nanoseconds.  In  other 
words,  the  difluoranthracene  surface  can  respond  fully  to  voltage  pulses  on  the  10  nanosecond 
scale.  At  the  end  of  DURINT  support,  we  are  left  with  two  possible  explanations  for  these 
observations.  First,  it  is  possible  that  the  rotor  molecules  move  rather  freely  on  the  surface  and 
are  able  to  keep  up  with  these  electric  fields  with  rather  fast  response  times.  Alternatively,  the 
observed  electro-optic  effects  are  due  entirely  to  changes  in  electronic  polarizability,  and  the 
available  IVolt/micron  field  strengths  are  simply  too  small  to  cause  any  significant  molecular 
rotation  or  motion.  We  note  that  liquid  crystal  systems  often  require  a  threshold  electric  field 
exceeding  5  Volt/micron  before  overall  molecular  motion  will  occur.  Experiments  at  higher 
electric  field  strength  require  smaller  gap  capacitors  and  an  associated  reduction  in  illuminated 
area  and  associated  photon  counts.  Still,  we  believe  that  such  small  gap  structures  are  feasible 
and  hope  to  pursue  this  line  of  research  with  future  funding. 
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Optical/dielectric  measurements  of  rotor-liquid  crystal  mixtures. 

Graduate  student  Debra  Krause  has  begun  investigating  3 -dimensional  rotor  systems, 
particularly  a  group  of  molecules  produced  in  the  laboratory  of  Prof  Miguel  Garcia-Garibay  at 
UCLA.  The  concept  is  to  create  a  periodic  array  of  sterically  unhindered  dipolar  rotors,  where 
the  dipolar  interactions  may  lead  to  polar  ordering.  In  Figure  R4  we  show  an  example  of  one  of 
Prof  Garcia-Garibay’ s  molecules.  On  the  left  is  an  individual  dipolar  rotor  molecule  and  on  the 
right  is  the  crystalline  structure  found  from  x-ray  diffraction  studies. 


Figure  R5.  On  the  left  is  a  model  for  an  individual  molecule  of  difluorophenyl  UCLA  rotor.  On 
the  right  is  shown  the  crystalline  structure  that  this  molecule  takes  on,  as  determined  by  x-ray 
diffraction  studies  [5]. 


In  3D  crystals,  the  periodic  structure  occurs  naturally  (though  without  significant  opportunity  for 
adjustment  or  control)  through  crystallization.  Joint  studies  of  NMR  line-shape  (Garcia-Garibay), 
dielectric  spectroscopy  studies  in  the  laboratory  of  Prof.  John  Price  at  CU-Boulder  [6],  and  x-ray 
structural  analysis  (UCLA  and  CU-Boulder)  demonstrate  both  the  potential  and  the  limitations  of 
present  crystalline  rotor  systems.  For  example,  quantum  chemical  calculations  for  the  molecule 
of  Figure  R5  demonstrate  that  the  difluorophenyl  rotor  is  extremely  free  to  rotate  in  the  isolated 
molecule.  The  rotational  potential  exhibits  six  to  twelve  potential  minima  depending  on  the 
orientation  of  the  molecular  ends,  with  potential  barriers  of  roughly  100  calories/mole.  Barriers 
of  this  height  imply  very  small  steric  hinderance  within  the  molecule  and  indicate  that  rotor 
orientation  could  be  dominated  by  dipolar  interactions.  However,  NMR  line  shape  and  dielectric 
spectroscopy  agree  that  in  the  crystalline  state,  the  rotor  is  restricted  to  one  of  two  potential  wells, 
with  roughly  15  kilocalories/mole  barriers  between  the  wells.  These  barriers  appear  to  arise  from 
steric  hinderance  of  rotor  motion  due  to  the  foot  sections  of  molecules  in  adjoining  unit  cells. 
The  molecules  appear  to  crystallize  in  an  arrangement  that  leads  to  efficient  space-filling  and 
increased  hinderance  of  rotor  motion. 

We  have  been  investigating  the  use  of  liquid  crystals  for  producing  ordered  rotor  systems 
with  decreased  steric  hinderance.  The  measurements  use  a  combination  of  dielectric 
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spectroscopy,  optical  microscopy,  and  linear  optical  spectroscopy  to  investigate  the  behavior  of 
liquid  crystal  and  rotor  mixtures.  Our  aim  is  to  use  liquid  crystal  ordering  to  produce 
environments  where  rotor  motion  can  be  less  hindered.  In  Figure  R6,  we  show  one  of  the  UCLA 
rotor  molecules  alongside  the  common  liquid  crystal  molecule,  TBBA. 


Figure  R6.  Comparison  of  the  molecular  structure  of  a  UCLA  monofluorophenyl  rotor  with 
TBBA  liquid  crystal  molecule 


TBBA  is  a  heavily  studied  liquid  crystal  system,  which  shows  a  sequence  of  phase 
transitions  from  the  isotropic  liquid  above  236  C,  through  nematic  and  then  a  variety  of  smectic 
phases  below  200  C,  finally  becoming  a  crystalline  solid  below  1 13  C  [7].  Under  the  assumption 
that  the  UCLA  molecule  (melting  point  roughly  120  C)  dissolves  into  the  TBBA  system,  it  may 
be  possible  to  find  the  rotor  molecule  aligned  with  the  TBBA  matrix  so  that  the  rotor  portion  is 
essentially  free  to  move.  A  cartoon  of  this  condition  is  shown  in  Figure  R7. 
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Figure  R7.  Schematic  diagram  of  UCLA  rotor  molecules  at  modest  concentration  in  TBBA  smectic 
liquid  crystal  phases. 


In  this  picture,  the  TBBA  molecules  align  the  UCLA  moleeules  and  prevent  the  steric  hinderance 
due  to  neighboring  UCLA  feet.  That  such  a  cooperative  assembly  of  the  liquid  crystal  and  rotor 
systems  might  happen  very  clearly  depends  upon  the  details  of  molecular  interactions  for 
specific  rotor/liquid  crystal  pairs. 

We  have  eonstructed  a  system  for  simultaneous  optical  microscopy  and  capacitance  and 
dielectrie  loss  speetroscopy.  Commereial  liquid  crystal  cells  with  transparent  capaeitor  electrodes 
and  liquid  crystal  alignment  layers  are  used  to  study  liquid  crystalline  order  in  mixed 
UCLA/TBBA  systems,  while  the  eorrelated  dieleetric  measurements  provide  information  about 
whether  the  rotors  are  moving  differently  in  different  environments. 

In  Figure  R8  we  show  examples  of  an  initial  effort  to  dissolve  a  ratio  of  1 :9  monofluorophenyl 
UCLA  rotor  into  the  TBBA  Smeetie  B  phase  below  150  C.  The  figure  shows  that  the  UCLA 
moleeule  is  phase  separated  from  the  TBBA  system  into  isolated  islands  of  isotropie  fluid,  while 
the  TBBA  eontinues  to  show  the  appropriate  texture  for  the  smeetie  phase.  The  dielectric 
spectroscopy  shows  a  single,  nearly  Debye  loss  peak  that  agrees  well  with  the  loss  observed  for 
pure  UCLA  moleeule  over  this  temperature  range.  The  data  are  eonsistent  with  an 
inhomogeneous  system  of  TBBA  and  UCLA  molecule.  We  are  continuing  to  investigate  the 
solubility  of  various  UCLA  molecules  in  liquid  erystal  hosts  in  an  effort  to  observe  less  hindered 
rotor  motion. 


29 


Figure  R8.  Simulated  dielectric  loss  for  a  single  Debye  loss  peak  with  a  barrier  of  21 
kcal/mole  and  attempt  frequency  of  6xl0'®  Hz,  measured  dielectric  loss  of  the  UCLA/TBBA 
mixture  consistent  with  this  model  and  with  pure  UCLA  behavior,  and  simultaneous  optical 
microscopy  that  shows  isolated  islands  of  UCLA  in  TBBA  i.e.,  failure  to  mix. 


Adjustable  molecular  contacts 

During  this  period,  graduate  student  Shawn  Tanner  has  investigated  the  use  of  eleetron-beam 
lithography  to  produee  adjustable  sub-micron  electrical  contacts,  for  eventual  use  in  single 
molecule  electrical  conductivity  experiments.  This  work  is  motivated  by  the  possibility  of 
measuring  changes  in  molecular  electronic  transport  due  to  the  changes  in  molecular  electronic 
states  with  different  rotor  orientations. 

Figure  R9  shows  an  SEM  micrograph  of  a  typical  structure. 
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Figure  R9.  SEM  micrograph  of  an  adjustable  metallic  contact  region.  A  gold  wire  is 
fabricated  to  bridge  from  the  top  of  a  freely  suspended  alumina  cantilever  down  to  the 
substrate.  The  cantilever  can  be  moved  by  flexing  the  substrate,  or  by  an  electrostatic  gate. 


While  adjustable  tunneling  is  often  observed  in  these  structures,  they  are  quite  sensitive  to  the 
environment,  often  showing  spontaneous  fluctuations  and  sudden  changes.  Also,  they  show 
marked  sensitivity  to  temperature  changes.  In  an  effort  to  better  understand  the  behavior  of  the 
cantilever  system,  we  have  recently  begun  fabricating  structures  where  the  cantilever  motion  can 
be  more  directly  studied  by  radio  frequency  electronic  techniques. 

Figure  RIO  shows  two  SEM  micrographs  of  ‘hairpin’  cantilevers  that  we  have  recently 
fabricated.  In  these  structures,  each  ‘hairpin’  is  a  pair  of  suspended  simple  cantilevers,  with  a 
suspended  cross  connection.  Each  of  these  structures  carries  a  continuous  wire  from  one  side  of 
the  hairpin  to  the  other. 
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Figure  RIO.  SEM  micrographs  of  ‘hairpin’  cantilever  pairs.  Eaeh  cantilever  carries  a  continuous 
wire  on  the  underside.  Motion  of  the  cantilever  is  studied  via  the  emf  generated  by  motion  in  the 
presence  of  an  applied  magnetic  field. 


Cantilever  motion  ean  be  studied  by  plaeing  the  cantilevers  in  a  modest  magnetic  field  (typically 
0.2  Tesla  from  a  pair  of  Cobalt-Samarium  permanent  magnets),  embedding  the  cantilevers  in  an 
rf  amplifier  circuit,  and  measuring  the  small  emfs  generated  by  motion  of  the  cantilever  in  the 
magnetic  field.  Figure  R1 1  shows  a  schematic  diagram  of  the  rf  readout  system  used  to  study 
cantilever  resonances. 
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Figure  Rll.  Schematic  diagram  of  a  hairpin  cantilever  pair  with  the  rf  cireuit  used 
to  read  out  the  emfs  due  to  cantilever  motion  in  a  magnetic  field.  Cantilevers  are 
operated  in  pairs  to  allow  for  balanced  rf  bridge  measurements. 


The  cantilevers  are  studied  in  pairs  that  form  matched  ends  of  a  resistance  bridge.  This  geometry 
helps  to  match  the  devices  to  the  rf  electronics. 

These  cantilevers  are  observed  to  have  mechanical  resonance  frequencies  of  several  MHz, 
consistent  with  simple  models  for  the  structures.  Figure  R12  shows  an  example  of  the  pair  of 
resonances  (one  resonant  line  for  each  cantilever)  near  5  MHz.  By  studying  the  dependence  of 
resonant  amplitude,  position,  and  width  on  temperature  and  fabrication  details,  we  hope  to 
eventually  construct  more  stable  and  usable  adjustable  contacts. 
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Frequency  (Hz) 

Figure  R12.  Real  and  imaginary  parts  of  the  measured  emf  from  a  hairpin  cantilever  pair.  The 
cantilever  resonances  are  found  at  roughly  5.2  MHz  and  5.3  MHz,  consistent  with  the 
predictions  of  modeling  that  includes  the  measured  cantilever  dimensions  and  the  Young’s 
modulus  for  alumina  and  silver. 
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Ratner  Contribution 


As  part  of  this  extended  MURI  investigation  into  rotor  arrays,  computational  and 
theoretical  studies  were  carried  out  both  at  Northwestern  (arrays  of  dipoles)  and  at  a  combination 
of  Colorado  and  Prague  (dynamics  of  single  dipoles).  These  two  modeling  schemes  were 
mutually  supportive  -  the  characteristics  of  the  individual  dipolar  arrays,  both  as  prepared 
experimentally  and  as  calculated  in  Colorado,  we  used  as  input  to  the  rotor  array  problems 
analyzed  at  Northwestern. 

Northwestern  work  was  done  in  collaboration  with  the  group  in  Delft,  and  utilized 
classical  dynamical  simulation  (both  molecular  dynamics  and  Langevin)  to  analyze  both  planar 
and  linear  dipolar  arrays.  The  analysis  included  investigation  of  signal  transfer  in  dipolar  chains, 
signal  speed  in  dipolar  chains,  effects  of  temperature  on  these  situations,  comparison  with 
experiments,  pulse-like  signal  generation  and  propagation,  gate  control  of  chain  transfer  and 
transport,  proto-type  logic  elements  (AND,  OR),  ordering  effects,  and  switching  characteristics 
following  optical  excitation. 

Details  of  several  of  these  have  been  given  in  the  previous  quarterly  reports.  Here  we 
present  some  data  on  propagation  of  an  initial  photonic  excitation,  by  transfer  of  dipolar 
orientation  in  linear,  bent,  and  curved  arrays  of  dipoles. 


Figure  MRl.  Dipolar  line,  with  external  switch-controlling  dipole 

Figure  MRl  shows  a  chain  of  dipoles,  with  a  larger  dipolar  switching  molecule  nearby. 
Photo  excitation  of  the  larger  dipole  (which  could  be  something  as  simple  at  paranitroaniline) 
would  form  a  very  large  local  dipole  (change  of  roughly  15  debye  upon  excitation).  This  would 
then  couple  by  the  dipole/dipole  interaction  to  the  nearby  chain,  and  we  have  simulated  how  that 
chain  would  reorganize  itself;  eventually  the  very  large  dipole  in  the  optically  driven  structure 
would  cause  the  smaller  dipoles  within  the  chain  to  reverse  their  orientation.  This  dipole/dipole 
energy  transfer  would  result  in  transduction  of  a  signal  with  very  high  efficiency,  once  again  not 
using  any  kind  of  electro  magnetic  interaction,  but  rather  the  simple  dipolar  interaction. 

Our  simulations  show  a  number  of  characteristic  behaviors.  First,  the  mechanism  by 
which  the  signal  is  transmitted  is  slightly  counter-intuitive:  one  dipole  rotates  in  a  clockwise 
direction,  and  the  next  in  the  counter  clockwise  direction,  before  they  are  damped  by  thermal 
effects.  The  simulations  here  used  Langevin  dynamics,  as  is  appropriate  for  signal  transfer  at 
reasonable  temperatures.  This  is  distinguished  from  some  of  the  previous  work  done  by  us  and 
by  Rozenbaum,  who  studied  only  the  zero  temperature  behavior.  Here  the  thermal  effects  are 
very  supportive  of  the  signaling  -  in  the  absence  of  the  Langevin  behavior,  energy  can  become 
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trapped  and  the  damping  to  give  the  fully  oriented,  reoriented  chain  is  never  perfect.  Therefore 
this  is  a  robust  signaling  mechanism  at  high  temperatures.  As  opposed  to  some  of  the  previous 
work  we  have  reported,  that  would  only  really  work  in  the  limit  in  which  damping  and  thermal 
effects  are  relatively  small  compared  to  the  coherent,  energy  conserving  behaviors. 

We’ve  also  studied  switch  times  (Figure  MR2).  We  find  that  the  switch  times  as  a 
function  of  the  length  fit  very  nicely  to  an  exponential  -  therefore  the  process  is  good  for  finite 
time  switching  only  for  relatively  short  strands.  Very  long  strands  will  nevertheless  switch 
extremely  effectively,  but  they  would  simply  take  a  great  deal  longer. 


Mr 
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We  also  calculated  thermal  dependence,  friction  dependence  and  other  interesting 
behaviors.  Finally,  simulation  of  propagation  through  a  curved  chain  or  a  kinked  chain  (Figure 
MRS)  once  again  demonstrates  that  these  dipolar  propagations  can  be  quite  robust  -so  long  as 
the  radius  is  relatively  small,  or  the  kink  angle  is  below  roughly  22°,  we  observed  that  the 
transport  and  reorientation  are,  again,  totally  effective. 


Kinked  &  Circular  Chains 


Orientation  Transfer 


Figure  MRS.  The  control  dipole  (red)  can  change  the  orientation  of  the  whole  line  of 
dipolar  species,  even  if  it  is  kinked  or  circular..  This  allows  a  very  efficient  modality 
for  switching  and  signaling  in  linear  rotor  chains. 
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MICHL  CONTRIBUTION 


The  Michl  group  accomplished  work  in  four  areas:  (i)  synthesis  of  rotor  molecules,  (ii)attachment 
chemistry  and  characterization  of  rotors  on  surfaces,  (iii)  detection  of  internal  rotation  in  surface 
mounted  rotors,  and  (iv)  computer  simulations  of  surface-mounted  rotors. 


HgSR 


HgSR 


(i)  Synthesis  of  rotor  molecules.  The  work  has  been  directed  toward  two  types  of  targets:  new 
altitudinal  rotors  and  new  azimuthal  rotors.  The  preparation  of  nine  different  rotors,  four  altitudinal 
and  three  azimuthal  have  been  completed,  and  two  others  are  well  advanced. 

The  first  altitudinal  rotors  synthesized  used 
support  stands  based  on 
tetraphenylcyclobutadienecyclopentadienylcobalt 
double  decker  sandwich  complexes  designed  to  be 
attached  to  a  gold  surface  through  ten  sulfur- 
containing  tentacles  or  to  quartz  surfaces  through 
trialkylsiloxane  groups.  Both  dipolar,  1  (Figure 
JMl),  and  non-polar,  2  (similar  to  Fig.  JMl 
except  with  H  instead  of  F),  rotors  have  been  psHg' 
synthesized.  The  dipole  in  rotor  1  was 

incorporated  so  that  the  rotor  could  be  made  to  flip  pig^re  JMl.  Dipolar  altitudinal  rotor  1,  R  = 
by  a  strong  electrostatic  field.  We  were  able  to  (CHjljSMe. 
mount  these  rotors  on  atomically  flat  Au(lll), 

image  them  by  scanning  tunneling  microscopy  (STM)  and  induce  flipping  of  dipolar  rotors  by  the 
application  of  a  static  electric  field  of  the  STM  tip. 

Three  other  altitudinal  rotors,  all  with  triptycene-based  rotators  carrying  threepaddles,  were 
completely  or  partially  synthesized.  One  is  the  first  molecular  rotor  ever  constructed  using  self- 
assembly,  based  on  Pt  coordination  chemistry.  This  is  one  of  the  first  times  metal  ion  based  self- 
assembly  has  ever  been  used  in  targeted  synthesis  of  any  functional  structure,  and  the  simplicity  of 

the  process  that  leads  to  a  fairly  complex 
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A  Self-Assembled  Altitudinal  Rotor 


Figure  JMl.  Synthesis  of  a  self-assembled  rotor. 


structure  is  striking  (Figure  JMl).  We  believe 
that  this  accomplishment  opens  the  door  to  the 
future  synthesis  of  many  functional  structures 
of  rotors  and  other  objects  for  nanotechnology. 
The  incomplete  synthesis  of  a  high-clearance 
altitudinal  rotor  molecule,  which  relies  on 
classical  approaches  and  is  much  more 
laborious,  is  well  advanced  but  not  yet  finished 
(Figure  JM3).  It  is  a  generalization  of  the 
second-generation  low-clearance  altitudinal 
rotor  that  we  have  completely  synthesized 
(Figure  JM3A). 

A  set  of  two  azimuthal  rotors  carry 
rotators  composed  of  two  paddles,  which 
contain  a  chromophore  whose  lowest  excited 
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state  transition  moment  is  directed 
perpendicular  to  the  rotor  axle  were 
designed  and  synthesized  for  time- 
dependent  fluorescence  anisotropy 
measurements.  The  one  whose  synthesis 
has  been  completed  is  shown  in  Figure 
JM4.  Since  a  study  of  its  properties  after 
surface  mounting  revealed  that  its  axle 
does  not  mount  perpendicular  to  the 
surface  and  that  the  structure  therefore  is 
unsatisfactory  (see  below),  a  new 
principle  for  the  mounting  of  azimuthal 
rotors  has  been  developed,  with  long  fatty 
acid  chains  serving  as  feet  for  anchoring 

the  rotor  molecule  inside  a  Langmuir-  .  ,  r.  .  •  . 

„i  j  ,1  j  Figure  JM3A.  Synthesis  of  the  second-generation 

Blodgett  iilm.  The  model  compound  with 

,  ,  ,  ,  ,  altitudinal  rotor, 

a  naphthalene  chromophore  has  been 

made  (Figure  JM5)  and  after  successful  testing,  the  synthesis  of  a  rotor  molecule  was  initiated  but 
has  not  yet  been  completed  (Figure  JM6). 
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(ii)  The  study  of  rotor 
attachment  chemistry  and  the  x 

characterization  of  surface-  [I  '^T 

mounted  rotors.  This  work  ,.Br„AcoH 
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effort,  attachment  chemistry  ^  Fd°,  Cut  Et^K 

protocols  for  the  first 
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quartz  surfaces  were  x  =  h.f 

established,  leading  to  well-  Figure  JM4.  Synthesis  of  an  azimuthal  rotor, 
characterized  fdm  samples 

suitable  for  dielectric  spectroscopy  measurements  in  the  ^ 

laboratory  of  Prof  Laura  Clarke  at  North  Carolina  State  2.  SiCU 

physics  department.  Figure  JM7  shows  the  dispersion  of  ^  EfN 

the  Debye  peak  due  to  the  motion  of  the  rotator  dipole.  ^  P"^  'Q, 

On  gold,  STM  images  have  been  obtained  for  ^  fU  ylit 

many  rotor  molecules,  and  as  an  example,  results  for  the  CQzH  COjh 

self-assembled  rotor  of  figure  JM2  are  given  in  Figure  Figure  JM5.  Synthesis  of  a  test  molecule 
JM8.  Analysis  of  high  resolution  XPS  data(exemplified  for  a  new  surface  mounting  procedure, 
in  Figure  JM9) 
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attachment  Figure  JM6.  The  framed  part  of  the  synthesis  has  been  accomplished. 
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chemistry  of  Hg 

and  sulfur  containing  moieties.  Tentacles  containing  only  Hg  have  been  discovered  to  be  sufficient 
for  tethering  molecules  to  surfaces  under  some  conditions,  and  this  discovery  may  have  important 
implications  for  the  attachment  of  molecules  to  metals  in  general.  Sulfur  containing  tentacles  were 
found  to  be  stable  in  ambient  conditions  for  only  a  few  hours,  but  the  rotor  remains  attached  to  the 
surface  through  its  mercury  atoms. 

The  measurement  of  the  total  mass  of  a  rotor  film  on  Au  by  quartz  crystal  microbalance 
techniques  was  attempted  but  did  not  lead  to  useful  results  because  of  system  instabilities. 

An  electrochemical  Langmuir  trough  has  been  developed  (Figure  JMIO)  and  is  in  use  for  the 
development  of  techniques  for  the  construction  of  molecular  rotor  grids  on  mercury  surface.  A 


trigonal  connector  for  making 
hexagonal  grids  3  was  investigated 
and  found  to  be  conveniently 
absorbed  or  desorbed  through 
electrochemical  control  with 
surface-potential  dependent 
molecular  spacings  (Figure  JMl  1). 
There  are  indirect  experimental 
indications  that  a  hexagonal  grid 
has  been  synthesized  on  the  trough 
(Figure  JM12). 

With  Harrick,  Inc.,  we  have 
developed  and  published  a  highly 
sensitive  method  for  taking  IR 
spectra  of  molecules  on  metal 
surfaces  (“pseudo- ATR”).  This 
was  used  for  the  study  of  surface- 
mounted  rotors. 


C:omparisoii  of  cUpolar/non-polar  monolayers 
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Figure  JM7.  L.  Clarke’s  dielectric  spectroscopy  measurements 
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(iii)  Detection  of  rotation.  The 
anthracene-containing  azimuthal 
rotor  whose  synthesis  is  shown  in 
Figure  JM4was  deposited  on  a 
very  flat  quartz  surface  cleaned 
and  treated  in  a  special  way.  It  was 
diluted  on  the  surface  with  another 
silane  to  avoid  aggregation  and  n 
energy  transfer  in  fluorescence 
experiments.  Even  under  optimal  Figure  JM8.  STM  of  the  rotor  of  Figure  JM2  mounted  on  Au(l  11). 

conditions,  no  evidence  for  axle 

alignment  perpendicular  to  the  surface  was  obtained.  The  same  disappointing  result  was  obtained 
for  two  other  rotor  molecules,  with  naphthalene  and  2,3-methylenedioxy  chromophores  (formulas 
not  shown).  Rotor  alignment  and  minimal  energy  transfer  are  necessary  conditions  for  the  intended 
polarization  anisotropy  decay  experiments  that  will  allow  for  the  detection  of  thermally  induced 
internal  rotation. 

A  better  procedure  was  developed  for  surface  mounting  that  actually  produced  alignment 
under  conditions  of  considerable  dilution.  This  is  based  on  an  adaptation  of  the  Langmuir-Blodgett 
fdm  method  to  rotor  fdms.  Chromophoric  azimuthal  rotors  with  three  octadecyl  fatty  acid  legs  have 


XPS  of  Dipolar  Rotor  on  Au(  til) 


been  synthesized  and  found  to  make  exeellent 
Langmuir-Blodgett  fdms  (Figure  JM13)  that  eanbe 
transferred  to  quartz  or  Si(lll)  substrates  and 
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Figure  JM9.  XPS  results  for  first-generation 
altitudinal  dipolar  rotor  on  Au(l  11). 
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Figure  JMIO.  Schematic  drawing  of  the 
electrochemical  Lanumuir  trouuh. 


orientation  spontaneously  at  room  temperatureat  +0.1  V  and  then  compressed  at  the  potential 
or  intentionally  by  a  strong  eleetrostatic  field,  shown. 

We  were  able  to  mount  these  rotors  on 
atomieally  flat  Au(l  1 1),  image  them  by  scanning 
tunneling  microscopy  (STM)  and  induce  flipping 
of  dipolar  rotors  by  the  application  of  a  static., 
electric  field  of  the  STM  tip.  The  conformation 
of  the  molecule,  i.e.  the  orientation  of  the  dipole, 
was  detected  by  differential  barrier  height 
imaging  spectroscopy  (DBHI),  a  method 
developed  by  us.  Ordinary  BHI  is  a  map  of  the 
local  work  function  variation  of  a  surface.  Theft'S***"®  Most  probable  structure  of  a 

work  function  of  a  metal  is  the  amount  of  energy^®^^S°*^  proposed  hexagonal  network  of 

needed  to  remove  an  electron  from  its  surface  to^  (hound  through  Hg22+  cations). 


Figure  JM13.  Langmuir-Blodgett  isotherms  of  the 
rotor  of  figure  JM5  diluted  with  stearic  acid. 
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Figure  JM14.  UV  absorption  of  the  rotor  of  Figure 
JM5  in  a  monolayer  and  in  isotropic  solution. 
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Figure  JM16.  Ordinary  STM  and  DBHI  of  the  rotor  of 
Figure  JM3A  on  Au(l  1 1). 

infinity.  The  physics  behind  this  measurement  relies 
on  the  fact  that  the  easier  it  is  to  remove  an  electron 
from  the  surface,  the  farther  out  into  vacuum  will  its 
wave  function  extend,  and  the  slower  will  be  the  fall 
off  or  the  tunneling  current  to  the  tip  as  z  is 
increased.  The  local  work  function  of  a  surface  is  strongly  affected  by  adsorbates  and  especially,  by 
surface  dipoles.  The  local  work  function  is  measured,  in  our  system,  by  modulating  rapidly  at  5  kHz 
by  a  small  amount  (0.3  A)  the  distance  z  of  the  tip  from  the  surface.  This  causes  the  tunneling 
current  i  to  be  modulated  at  the  same  frequency,  and  both  the  current  and  its  derivative  d//dz  are 
measured  (Figure  JM15).  Since  i  falls  off  exponentially  with  z,  so  does  d//dz.  The  proportionality 
constant  that  relates  i  and  d//dz  is  equal  to  where  P  is  a  known  constant  and  cp  is  the  combined 
work  function  of  the  surface  and  the  tip.  The  presence  of  a  permanent  dipole  in  an  absorbate  will 


Figure  JM15.  Current  mode  (200  pA,  200 
mV)  STM  (A,  C)  and  DBHI  (B,  D)  images  of  1 
(top)  and  2  (bottom)  on  Au(l  11).  Six  colors 
(black,  maroon,  blue,  green,  yellow,  and  white) 
divide  the  vertical  range  (left,  0-1  nm;  right  0.0- 
0.2  V). 
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increase  the  loeal  work  funetion  if  its  negative  end  is  turned  away  from  the  surfaee  and  deerease  it 
if  the  negative  end  faees  the  surfaee.  The  applieation  of  an  electrie  field  on  the  order  of  1  V/nm  is 
suffieient  to  lock  the  dipole  in  the  field  direetion  against  room-temperature  thermal  motion.  In  our 
DBHI  measurement,  we  raster  the  tip  in  the  eonstant-eurrent  mode,  but  go  over  eaeh  line  twiee,  once 
with  each  field  polarity.  When  the  field  holds  the  negative  end  of  the  rotator  dipole  elose  to  the 
surface,  we  measure  9+'^^,  and  when  it  is  far  from  the  surface,  we  measure  9.'^^  Fig.  JM 1 5(top)  shows 
an  ordinary  STM  image  of  the  dipolar  rotors  on  Au(  111)  along  with  its  DBHI  plot.  Rotors  that  show 
up  as  bright  spots  in  the  DBHI  plot  have  work  functions  that  depend  on  the  direetion  of  the  applied 
field  and  therefore  are  the  ones  that  have  undergone  a  rotational  eonformation  change  to  reorient 
their  dipole  with  the  field.  The  same  is  shown  in  Fig.  JM15  (bottom)  for  the  non-polar  rotor  in  a 
control  experiment.  Only  very  weak 

bright  spots  are  observed  from  indueed  Rotor  Phase  Diag ran 

dipoles,  consistent  with  the  absenees  of  synchronous 

reorientable  dipoles  in  these  rotors. 

Repeated  seans  of  the  same  field  of 
dipolar  rotors  shows  blinking  in  the 
differential  images.  We  attribute  this  to 
temporary  rotor  bloekage  eaused  by  the 
tentacles. 

The  initial  DBHI  measurements 
that  showed  rotor  motion  in  the  first 
generation  altitudinal  rotor  1  suffered  from 
poor  resolution  and  interfering  thermal 

motion  of  the  attaehment  tentaeles.  To  Figure  JM17  Phase  diagram  at  10  K  of  the  rotor  1 
circumvent  these  problems  the  ^lo^nted  on  Au(l  11)  obtained  by  molecular  dynamics 
measurements  were  retried  by  the  Boulder  simulation, 
student  Mary  Beth  Mulcahy  on  the  low- 
temperature  high  vaeuum  STM 
instrument  in  Hersam’s  laboratory  at 
Northwestern  University.  These 
experiments  produeed  no  improvement 
because  of  eontamination  of  the  film  by 
an  adventitious  surface  layer  of  water. 

Conditions  for  removal  of  this 
contamination  by  vacuum  bake  out  are 
under  investigation  but  so  far  heat 
treatment  has  only  led  to  removal  of  the 
rotors  from  the  gold  surfaee. 

The  seeond  generation  altitudinal 
rotor  of  FigureJMSA  was  also 
investigated  by  the  DBHI  method  using  Figure  JM18.  Molecular  dynamics  simulation  of  the 
the  ambient  STM  instrument.  The  DBHI  unidirectional  rotation  in  the  first  generation  rotor  1  mounted 

11  .  •  .  1  .  on  an  Au(l  1 1)  surface  by  electric  field  normal  to  the  surface 

signal  shows  no  apparent  internal  rotary  ,  -ii  rr^i  i  t -i-  x- i  •  • 

1  111  and  oscillating  at  90  Ghz.  The  probability  of  skipping  a  cycle 

motion  when  probed  by  the  STM  tip  ^  ^  u  ^  xu 

^  -11  1  •  _  ^  of  the  driving  field  is  shown  as  a  function  of  the  field  strength 

(FigureJMlb).  Possible  explanations  for  at  a  series  of  temperatures. 
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this  observation  include  having  the  rotor  stand  knocked  on  its  side  by  the  passage  of  the  tip.  The 
second  generation  rotor  is  anchored  only  at  eight  points,  whereas  the  first  generation  rotor  that  did 
show  internal  rotary  motion  by  DBHl  was  anchored  at  forty  points. 

(iv)  Computer  simulations .  From  simulations  of  flow-driven  altitudinal  rotors,  it  has  been  concluded 
that  for  efficient  rotation  a  rigid  structure  is  necessary  and  that  design  that  we  have  been  using 
probably  does  not  meet  this  criterion.  Smaller  and  presumably  much  more  rigid  rotors  have  been 
considered  and  modeled. 

Continued  simulations  of  the  first  generation  altitudinal  rotorl  produced  a  phase  diagram  of 
its  unidirectional  rotational  response  to  oscillating  electric  field  at  low  temperature  as  a  function  of 
field  amplitude  and  frequency  (Figure  JM17).  They  revealed  conditions  for  a  subharmonic  response 
in  which  the  surface-mounted  molecule  acts  as  aparametric  oscillator  and  turns  at  one-half  or  even 
only  one-quarter  of  driving  field  frequency.  The  two  regimes  of  operation,  thermal(Brownian)  and 
driven,  are  clearly  distinguished  by  their  different  response  to  a  temperature  increase  (Figure  JMl  8). 

A  light-powered  rotor  molecule  (Fig.  JM.  19)  that  contains  a  paddlewheel  on  an  axis  that  is 
the  edge  of  a  trigonal  prism  was  designed.  Molecular  dynamics  simulations  that  suggest  that  the 
absorption  of  a  photon  of  light  causes  the  rotor  to  make  half  a  turn  in  the  course  of  a  few 
picoseconds,  soon  thereafter  completed  to  a  full  turn.  A  train  of  light  pulses  is  predicted  to  induce 
a  fast  and  steady  unidirectional  rotation  of  the  rotor,  which  could  be  used  to  propel  a  thin  layer  of 
a  fluid  along  a  surface  if  the  rotors  were  mounted  in  an  organized  array  ("molecular  pump").  The 
underlying  principle  is  charge  separation  upon  excitation  followed  by  electrostatic  attraction  of  the 
now  positively  charged  donor  (one  of  the  paddles  on  the  wheel)  to  the  now  negatively  charged 
acceptor  (located  asymmetrically  next  to  the  paddlewheel),  and  thermal  relaxation  to  the  starting 
position.  The  structure  has  been  designed  in  a  way  that  favors  unidirectional  motion. 

We  conceived  a  molecule  with  a  rotating  group  containing  an  electron  donor  (or  acceptor) 
and  a  static  part  containing  an  electron  acceptor  (resp.  donor).  Then,  upon  excitation,  an  electron 
transfer  would  quickly  occur. 

The  charge  separation  would  then 
cause  electrostatic  attraction  of 
the  now  positively  charged  donor 
to  the  now  negatively  charged 
acceptor.  This  is  the  driving  force 
for  the  rotation.  This  power 
stroke  would  then  be  followed  by 
a  thermal  relaxation  to  the  starting 
position.  The  trick  is  to  engineer 
the  potential  energy  surfaces  for 
the  rotation  coordinate  to  favor 
unidirectionality  in  both  the 
driven  and  thermal  steps.  The 
structures  are  based  on  similar 
albeit  simpler  molecular  rotor 

structures  recently  synthesized  in 
our  group  Figure  JM19.  Proposed  structure  of  light-driven  rotor. 

The  desired  ground  and  excited  state  rotation  potential  surfaces  are  shown  in  Fig.  JM20. 


Each  state  has  only  one 
minimum  and  one  maximum. 

The  rotation  angle  of  the 
maximum  on  the  excited  state 
surfaee  needs  to  be  shifted  with 
respect  to  the  ground  state 
minimum  so  that  after 
excitation  the  system  geometry 
“always”  relaxes  by  rotating  the 
rotator  in  the  same  sense  (left 
in  Figure  JM20).  Similarly  the 
excited  state  minimum  must  be 
shifted  in  the  same  direetion 
with  respect  to  the  ground  state 
maximum  so  that  after 
eleetronie  relaxation  the  system 
geometry  relaxes  by  rotating 
the  rotor  in  the  same  sense  thus 
fulfilling  a  full  turn. 

To  study  the  dynamies  of  the  rotor  we  implemented  some  new  features  into  the  TINK 
program.  A  eustomized  molecular  dynamics  simulation  program  and  a  universal  force  field  were 
used  in  the  calculations.  To  design  an  optimal  light  driven  rotor  we  used  the  rotational  surface  as  a 
guide.  An  example  is  shown  in  Fig.  JM20.  The  power  delivered  in  each  cycle  is  ~20  kcal/mol, 
which  is  only  a  fraction  of  the  photon  energy.  A  series  of  MD  simulations  was  then  performed  for 
the  optimal  rotor  strueture.  After  some  initial  equilibration  at  300  K  the  molecule  is  switched  from 
ground  to  excited  surfaee  (the  eharge  distribution  ehanges),  simulating  a  light  absorption  event,  and 
the  dynamics  is  propagated  further.  Typieally,  within  just  a  few  picoseeonds  the  system  reaches  the 
minimum  geometry  in  the  exeited  state.  After  ~20  ps  the  moleeule  is  returned  to  its  ground  state 
potential  again.  The  system  then  undergoes  thermal  relaxation  to  its  ground  state  minimum 
geometry.  It  has  a  choice  of  rotating  in  the  same  sense  in  whieh  it  turned  in  the  excited  state,  or 
returning  back  in  the  opposite  sense.  The  molecule  chooses  the  desired  unidirectional  motion  only 
~70%  of  the  time,  and  the  design  elearly  needs  further  improvement.  It  seems  that  the  direction  of 
the  thermal  relaxation  step  depends  strongly  on  the  geometry  at  the  very  moment  when  the  eleetron 
returns. 


